We have developed a self-inactivating retroviral vector system with an internal, inducible Drosophila HSP70 promoter. This vector system delivers the desired transgene into cells rapidly and efficiently. It generates mixed populations of transduced cells where the transgene is inducible, and does not require the isolation of specific clones. Since the transgene is not expressed (or poorly expressed) at the restrictive
Introduction
The advantages of an inducible promoter in cell and molecular biology, as well as in prospective gene therapies, are well known. The possibility of regulating transgene expression allows investigators to alter the biology of genetically engineered cells at will. An inducible system is almost obligatory for the expression of factors that are toxic or detrimental to cell growth and proliferation, or that are lethal to animals. Thus the constitutive expression of certain tumor suppressor genes, or other pro-apoptotic factors, is difficult in many instances, and sometimes impossible. Even when this goal is achieved, the expression of the tumor suppressor gene is often subsequently repressed, presumably by DNA methylation. [1] [2] [3] In fact, gene silencing has been considered a serious threat to the success of gene therapy. 4 In addition, with an inducible system regulating the expression of a gene product, the biological changes induced by its expression can be studied in a single cell line, avoiding the problems of clonal variation. A number of studies have been carried out with some success in vitro (see below) and in animal models to develop inducible systems. 5 A variety of inducible promoters have been described in the literature, all of them having substantial advantages and some limitations. In some cases, the difference between the noninduced and the induced levels is small. 6 Other methods require the transfection into cells of more condition (34°C), mixed populations can be selected in which tumor suppressors or other inhibitory genes can be strongly induced upon changing the conditions (39°C or the plant amino acid L-canavanine). This retroviral vector should be very useful for the expression of sequences that are poorly tolerated by cells, and is also active in animals. Gene Therapy (2001) 8, 600-607.
than one plasmid, 7, 8 in others, the induction is irreversible. 9 In most of these methods, since a selectable marker has also to be introduced with the desired expression sequence, clones expressing the transgene in an inducible manner have to be selected. Many investigators trying to establish permanent cell lines expressing a gene product with an inducible promoter have experienced the difficulty of obtaining a sufficient number of clones that have a low background (no expression or very little in the nonpermissive condition), and are strongly induced by the appropriate manipulations. Such clones can be obtained, but often one has to screen many clones before good inducible clones can be identified, isolated and expanded.
In the course of our studies on the insulin-like growth factor 1 receptor (IGF-IR) and its signaling, we found it necessary to develop an inducible system, which would have the following characteristics: (1) the promoter should be, obviously, strongly inducible; (2) the inducible transgene and the selectable marker could be delivered with a single vector; (3) mixed populations of transduced cells could be used, without the necessity of isolating specific subclones of inducible cells; (4) the promoter should be resistant to intracellular inactivation; (5) the inducible system could also be activated in experimental animals. We describe here a novel inducible system which has these desirable properties. This inducible system is based on the combined use of a retroviral vector with a selfinactivating 5Ј LTR, 10 and the Drosophila HSP70 promoter. 11 We show the usefulness of this retroviral vector by using it with a dominant negative mutant of the IGF-IR, 486/STOP. 12 486/STOP is a truncated IGF-I receptor comprising 516 amino acids, which include the first 511 amino acids of the ␣ subunit of the IGF-IR, followed by 601 five new amino acids specified by a frame-shift mutation. 12 It was previously expressed by a plasmid that contains the entire cDNA sequence of the human IGF-IR, 13 modified by a frame-shift mutation. 12 It acts as a dominant negative mutant of the IGF-IR, causing apoptosis and inhibition of tumor growth in experimental animals. 12, 14 This truncated receptor is partially secreted in the medium and partially retained in the cytosol of the producing cell. When introduced as a plasmid, only a limited number of clones can be obtained, 12, 14 as it inhibits growth and is poorly tolerated by cells, which is typical of most tumor suppressors or inhibitors of growth. Using a modified 486/STOP, designated as 486/FLAG (see Materials and methods), we show that, by using the retroviral vector described below, 486/STOP can be delivered with a single transduction, is inducible, is resistant to intracellular inactivation, and can be active in experimental animals. In addition, we show that cells transduced with this new retroviral vector are all inducible, obviating the necessity for isolating specifically inducible clones.
Results
The retroviral vector used in these experiments is schematically shown in Figure 1 . The important characteristics of this construct are the deletion of the 3Ј LTR enhancer, 10 so that when the provirus is integrated into the genome of the infected cell, the 5Ј LTR is inactivated and all transcriptions will start from the HSP70 promoter. The HSP70 promoter is from Drosophila, 11 and is not responsive to serum, while it is still quite sensitive to an increase in temperature in mammalian cells. 15 The constructs can be varied in the sequence chosen for cloning, as well as the selectable marker used. As a control, we have used a similar construct, in which the HSP70 promoter was replaced by a noninducible promoter (see below). Another control used in this investigation was the empty retroviral vector. In the subsequent experiments, we have limited ourselves to two constructs: one expressing the dominant negative mutant of the IGF-IR, 486/STOP. 12, 14, 16 This retroviral vector is designated as vector GR228. The product of this vector, because of the addition at the 3Ј end of a FLAG epitope, is designated here as 486/FLAG. The second construct expresses a mouse IRS-1 cDNA. 17 Inducibility of a dominant negative mutant of the IGF-I receptor Figure 2a shows that 486/FLAG is inducible in DU145 human prostatic cancer cells, when they are transduced with the HSP70 retroviral vector GR228 described in Figure 1 . The Western blot was obtained by immunoprecipitation with an anti-FLAG antibody, and immunoblotting with an antibody to the ␣ subunit of the IGF-IR. 14 The polypeptide of 486/FLAG is visible in lane 4 as a band migrating at about 70 kDa, 14 with the cells at 39°C, while it is not detectable at 34°C (lane 3) or in cells transduced with an empty retroviral vector, GR219 (lanes 1 and 2). A similar result was obtained by transducing the same construct into p6 cells (Figure 2b ), which is a cell line derived from Balb/c 3T3 cells expressing a high number of IGF-IR. 18 In both cases, we used immunoprecipitation from cell lysates to detect expression of 486/FLAG. Figure 2c shows that p6 and DU145 cells expressing 486/FLAG form fewer colonies in soft agar than the parental cell lines, at 39°C. The 75-80% reduction in colony formation is remarkable, especially with p6 cells, which have 5 × 10 5 IGF-IR/cell. We could not test DU145 cells at 34°C, because these cells grow very poorly in soft agar at that temperature.
Advantages of the inducible promoter when expressing a dominant negative mutant of the IGF-I receptor As already reported, 12, 14 it is difficult to obtain clones of cells expressing 486/STOP. Many clones are obtained that are resistant to the selectable marker included in the 486/STOP plasmid, but most of these clones do not express the dominant negative mutant. The reason is shown in Figure 3 , in which the retroviral vector expressing a noninducible 486/FLAG (CMV promoter) was introduced into DU145 cells. Lane 9 shows that DU145 cells transduced with 486/FLAG (GR104 plasmid with a noninducible promoter) do not express it at all. Lane 8 shows a lysate from cells transduced with the empty vector. Lanes 5-7 show that expression of 486/FLAG from the constitutive promoter is restored in DU145 cells
Figure 3 Re-activation of the 486/FLAG expression by 5-azacytidine. (a) A mixed population of DU145 cells transduced with the retroviral vector for 486/FLAG (constitutive promoter) was selected with puromycin. The 486/FLAG product was immunoprecipitated with an anti-FLAG antibody, and blotted with an antibody against the ␣ subunit of the IGF-IR (see Materials and methods). No expression of 486/FLAG is detectable in DU145 cells transduced with the retroviral vector with the CMV promoter (lane 9). When the same cells are incubated with 5-azacytidine, expression of 486/FLAG is clearly detectable (lanes 5-7). Lanes 1 and 2 are R− cells transduced with the inducible retroviral vector 486/FLAG. The transgene is detectable at 39°C (lane 2), but not at 34°C (lane 1). The other lanes are controls: cells transfected with the empty vector (lanes 3, 4 and 8, with lanes 3 and 4 from cells treated with 5-azacytidine). (b) densitometric measurements of 486/FLAG expression.
(same cells as in lane 9) treated with 5-azacytidine (at different concentrations) indicating that the retrovirus had been integrated but (probably) methylated, which can cause inactivation of expression (see Introduction). Lanes 1 and 2 show the same 486/FLAG under the control of the inducible promoter, which is again detectable at 39°C, but not at 34°C. Lanes 3 and 4, finally, are a control, from cells transduced with an empty retroviral vector.
Clearly, the constitutive expression of 486/FLAG is inhibited in cells transduced with the noninducible promoter, but it can be restored by treatment with 5-azacytidine. In these cells, inactivation of 486/FLAG allows the selection of clones, but at the expense of its expression. In the cells with the inducible promoter, clones or mixed populations are easily obtained at 34°C, because 486/FLAG is not expressed, or is expressed at undetectable levels. The DU145 cells expressing the inducible 486/FLAG have now been cultured at 34°C for at least 10 months, and they remain inducible at 39°C. In fact, they remain inducible even after passage into animals (see below). Therefore, our construct allows the production of cell lines capable of strongly expressing, upon demand, a tumor suppressor gene or a strong inhibitor of cell proliferation.
The HSP70 promoter is active in mice
In previous experiments, 19, 20 using an antisense construct to the IGF-IR RNA, we had noticed that the Drosophila HSP70 promoter was apparently active in the subcutaneous tissue of rats. We tested the GR228 retroviral vector in nude mice. For this purpose we used parental DU145 cells and DU145 cells conditionally expressing the 486/FLAG (see Figure 2 ). Swiss nude mice were injected subcutaneously with 10 6 cells (either parental or with the dominant negative mutant). The animals were followed closely for 60 days, after which they were killed, and the weights of the tumors obtained (Table 1 ). All the animals injected with parental DU145 cells had tumors, although DU145 cells grow slowly in nude mice. In mice injected with DU145/486/FLAG cells, one mouse had no detectable tumor, and the other six mice had small tumors that were roughly 10% in size with respect to control DU145 cells. These tumors actually grew for 2-3 weeks, but then stabilized and stopped growing, with one tumor, as mentioned, actually regressing. There is a possible explanation for this behavior, which will be considered in the Discussion.
The HSP70 promoter can be activated by L-canavanine Some investigators find it inconvenient to use a temperature-inducible promoter, because it requires more than one dedicated incubator. In addition, some cell lines (especially mouse-derived cell lines) do not grow well at 39°C. The Drosophila HSP70 promoter, like all HSP promoter, is sensitive to stress. We therefore investigated the possibility of inducing the HSP70 promoter with l-canavanine, an amino acid from the Jack bean, which competes with arginine incorporation in mammalian cells. [21] [22] [23] Figure 4a shows a dose-response to l-canavanine of DU145/GR228 cells, tested at 37°C. At this temperature, 486/FLAG is not detectable (last lane of panel a), but it becomes clearly detectable at a concentration of l-canavanine of 15 mm (lane 2). The level of expression is roughly half the level of expression at 39°C plus l-canavanine, which indicates that l-canavanine at 37°C gives an induction comparable to a temperature of 39°C without l-canavanine (not shown).
We also asked whether the HSP70 promoter was still active after passage into nude mice. For this purpose, we used a nude mouse, treated as described in Table 1 . After 5 weeks of growth, the tumor was removed, and an aliquot was kept for immediate testing of 486/FLAG expression ( Figure 4b , lane 5). Note that this tumor had been at 37°C, where the expression of 486/FLAG is much reduced. The rest of the tumor was dissociated and the recovered cells were incubated in vitro at 39°C (lane 1) or 34°C (lane 2). The cells recovered from the tumor were clearly retaining the retroviral vector, as its expression was strongly induced by the high temperature. Lanes 3 and 4 are lysates from DU145/486/FLAG kept in culture. Nude mice were injected with 10 6 cells in 0.1 ml subcutaneously. GR228 are DU145 cells stably expressing the GR228 plasmid (see text). The tumor weights were determined at the end of the experiment, 60 days after injection, when the animals were killed. The DU145/GR228 cells were maintained at 34°C before injection into mice. However, the comparison is not quantitative. The purpose of this experiment was simply to show that the HSP70 promoter was still inducible after passage of the tumor cells in mice. 486/FLAG is also detectable in direct lysates from the tumor, although the expression is not as high as in cells in culture.
The experiment in Table 1 was then repeated, with the addition of l-canavanine injections to the tumor-bearing animals. The results were essentially the same as when the animals were not injected with l-canavanine (data not shown). Here again, the explanation will be considered in more detail in the Discussion.
Cloning of transduced cells
As mentioned in the Introduction, one of the problems of inducible promoters is that in many clones, the gene product is not inducible or poorly inducible, and a large number of clones have to be examined to find the right ones. In the experiments mentioned above, we used a mixed population of cells, and a legitimate question is whether, under these conditions, the transgene is inducible in all cells. For this particular experiment, we selected cells expressing another inducible transgene, IRS-1, which is a major substrate of the IGF-I receptor. 24 The reason we show the data using an inducible IRS-1 is that with a constitutive promoter, we can obtain a very strong expression of IRS-1, so that one can compare the levels of inducibility with the levels obtained with a constitutive promoter. This is difficult to do with constitutively expressed 486/STOP or 486/FLAG, because it is often inactivated in transduced cells (see Figure 3) . We isolated 10 random clones from a mixed population of cells transduced with a retroviral vector expressing an Gene Therapy inducible IRS-1 (see Materials and methods). Each clone and the mixed population were tested for the inducibility of IRS-1. Figure 5 shows that all 10 selected clones have an inducible IRS-1. The expression of IRS-1 at either temperature varies from one clone to another, but in all clones there is a marked increase in IRS-1 expression when the cells are incubated at 39°C. Included in Figure  5 are the Western blots from the mixed population from which the clones were derived, and also from 32D-GR15-GR103 cells that have a non-inducible IRS-1. 25 There is a modest increase in expression at 39°C even with the noninducible promoter, but the difference between 32D-GR15-GR103 cells and the clones is dramatic. It seems therefore that this method gives with a single transduction, a population of cells in which all or most of the cells carry an inducible construct.
Conditional expression of IRS-1 mRNA
The levels of proteins depend on several factors, from transcription to translation to protein stability. We therefore determined the levels of IRS-1 mRNA in some of the cells we have described above. Figure 6 shows a Northern blot for IRS-1 mRNA in different cell lines. There are two forms of IRS-1 in Figure 6 , depending on the plasmid used. In 32D-GR15-GR103 cells (lanes 6 and 7), the IRS-1 plasmid had the entire 3Ј untranslated region 26 that gives several bands, including a strong band (A, arrow) of the same size (about 7 kb) as the IRS-1 mRNA of p6 cells, which is the endogenous mouse IRS-1 (lane 1). In 32D-GR15-GR185 cells, the IRS-1 used had a deleted 3Ј untranslated region, giving a smaller sized RNA (arrow B, about 4 kb). In 32D-GR15-GR103, IRS-1 RNA is very strongly overexpressed at both temperatures. In p6 cells, the levels of IRS-1 mRNA are much lower (lane 1). No IRS-1 mRNA is detectable in 32D-GR15-GR219 cells (lanes 4 and 5), that are 32D-GR15 cells transduced with the empty retroviral vector. The blots from cells expressing IRS-1 under the control of the HSP70 promoter are in lanes 2 and 3. In 32D-GR15-GR185 cells, the difference in levels of IRS-1 mRNA is seven-fold (by densitometry).
Figure 5 Subcloning of mixed populations. Ten different clones were selected by limiting dilution from a mixed population of 32D cells expressing the inducible IRS-1 construct. The clones were expanded and when a sufficient number of cells were obtained, lysates were made from each clone, at 34°C or at 39°C. The clone number and the temperatures are given above each lane. 32D-GR15-GR103 cells express a noninducible IRS-1. 25 32D-GR15-GR185 are the cells from the mixed population used to isolate the individual clones.

Figure 6 Northern blots from cells expressing IRS-1 mRNA. RNA was isolated and blots were carried out as described in Materials and methods. Lane 1, p6 mouse fibroblasts (endogenous IRS-1); lanes 2-3, 32D-GR15 cells transduced with the inducible retroviral vector; lanes 4-5, 32D-GR15 cells transduced with the empty retroviral vector; lanes 6-7, 32D-GR15 cells with a constitutively expressed IRS-1 vector. The amounts of RNA in each lane have been monitored with rRNA and are shown below the Northern blots.
In 32D-GR15-GR103 cells, the increase is difficult to establish because of the over-exposure, but can be calculated to be a doubling.
Discussion
Although several useful methods for the conditional expression of gene products are available, the need for alternatives is suggested by the very fact that new inducible systems are constantly proposed. In this respect, our system is another inducible system in a long line of proposed ones. The data presented above clearly show that our construct is inducible. Therefore, the discussion must focus on the advantages that this system may have over other inducible systems.
We have aimed at an inducible system with the following characteristics: (1) it should, of course, be inducible, and the difference in expression between the permissive and the nonpermissive conditions should be substantial. (2) It should be fast. By fast, we mean that one should be able to obtain mixed populations or clones with one single transfection or retroviral transduction, and that all selected cell clones should be inducible. (3) It should be reversible, at least in tissue culture conditions. (4) It should be resistant to intracellular inactivation. (5) It should be active in experimental animals, so that tumor suppressor genes and other inhibitory genes could be tested in vivo. The construct shown in Figure 1 meets these requirements.
An advantage of our system is that clones can be obtained very rapidly. It does not require multiple plasmids, nor does it require the laborious selection of clones that meet the criteria of inducibility. Mixed populations can be obtained with the transduction of a single retroviral vector. Although we tested only 10 clones selected from a mixed population of 32D cells expressing an inducible IRS-1, it is reasonable to assume, from the results we obtained, that all cells, or at least most of the cells, are inducible. The inactivation of the 5Ј LTR obviously simplifies things, as the transcripts now begin only from the HSP70 promoter. In previous experiments with the same promoter but a different vector, we obtained clones that were strongly inducible, but the clones had to be selected, and the ratio of inducible to noninducible clones was in the 1:25 ratio. 15, 19, 20 The explanation is presumably due to the fact that plasmids produce readthrough transcripts, which abrogate or greatly diminish the number of transcripts that are induced by the change in temperature. By inactivating the 5Ј LTR, there is no promoter 5Ј to the HSP70 promoter, which is inducible. The promoter for the selectable marker is present, but it is downstream from the HSP70 promoter. This latter promoter is active even at 34°C, so that clones can be selected at the nonpermissive temperature.
The inducible promoter proposed in this communication is especially valuable, like other inducible promoters, to generate clones or mixed populations expressing a tumor suppressor gene or a gene that is toxic or growth inhibitory. These sequences not only can inhibit the growth of transduced cells, but in the case of retroviral vectors, they can also inhibit the production of packaging cell lines. 27 The advantage of an inducible promoter is indeed dramatized when one wishes to express a tumor suppressor gene product, as shown in our experiments described above. When we used the 486/FLAG construct with the noninducible promoter, we obtained several antibiotic-resistant clones, but the expression of 486/FLAG was not detectable. It became detectable, however, if the cells were treated with 5-azacytidine, which is reputed to inhibit methylation and therefore to activate silent tumor suppressor genes. With the HSP70 promoter, it was possible to obtain a mixed population that did not express 486/FLAG at 34°C (or at any rate at no detectable levels), but expressed substantial amounts of it at 39°C. The HSP70 promoter is apparently not inactivated, as the DU145 cells carrying the 486/FLAG construct have been cultured for at least 10 months, and they are still inducible. Indeed, we show here that the HSP70 promoter is still inducible, even after the cells have been passaged through mice. This construct could provide a very useful system to produce cell lines that can be induced to express tumor suppressor genes with the minimum effort.
Our inducible promoter is active in experimental animals. We had noticed before that the Drosophila HSP70 promoter could be active in experimental animals. 19, 20 In those experiments we used clones of cells transfected with an antisense plasmid to the IGF-IR RNA. In those cases, we had complete abrogation or strong inhibition of growth, as the antisense RNA to the IGF-IR RNA causes down-regulation of the IGF-IR and apoptosis. The experiments with DU145 cells and the 486/FLAG construct described above confirm that the HSP70 promoter is active when the cells are injected subcutaneously into mice. In the first place, there is a weak but detectable expression of 486/FLAG in direct lysates from the tumor. Second, DU145 cells transduced with this construct have very reduced growth in nude mice.
The results we obtained in nude mice need further discussion. Impairment of IGF-IR function in tumor cells, whether by antisense strategies or by 486/STOP cause massive apoptosis of tumor cells, both in vitro and in vivo. 12, 14, 16, 19, 20 Using a diffusion chamber, we were able to show that glioblastoma cells expressing an antisense RNA to the IGF-IR RNA die very rapidly when injected into animals. 20 In some cases, this is sufficient to completely inhibit tumor growth. 28 However, in other cases, the surviving cells lose the plasmid, and begin to grow, after a delay, eventually growing at the same rate as parental tumor cells. 19 In DU145/486/FLAG cells, the pattern of growth is different. The tumors grow more slowly, but after 2-3 weeks, they stop growing altogether, and in one case the tumor even regressed. We propose the following explanation for this effect, an explanation compatible with our data. The tumor cells expressing 486/FLAG die massively after injection, as already reported. 12, 14 The surviving cells grow slowly, because they produce only very small amounts of 486/FLAG (see Figure 4 ). But secreted 486/STOP has a bystander effect, even in vivo 14 and as the number of tumor cells increases, a sort of balance is reached, in which the production of 486/STOP inhibits the further growth of the tumor. Experiments are in progress to determine whether this is due to growth arrest or to a balance between cell division and apoptosis.
The present construct is inducible by a shift in temperature. However, for studies in vitro, the need for dedicated incubators and the dislike of high temperatures by some rodent cell lines may be an annoyance to investigators. One could also suggest that at 39°C, unwanted biochemical reactions may occur. This latter problem, though, is common with other inducible promoters, and unavoidable. Induction by drugs (as, for instance, in the tet-inducible promoter) will also cause unwanted reactions. We show in this paper that the HSP70 promoter can also be induced at 37°C by exposing the cells to the unnatural amino acid l-canavanine. There is a very good induction, and L-canavanine can also be used in vivo, at least in experimental animals (not shown). We also tried dexamethasone (supposedly a stress inducer), but we could not get a positive result. However, it is likely that other agents will be found that can induce the HSP70 promoter described in this paper. The Drosophila promoter was chosen because it does not have a serumresponsive element, which could be partially activated by serum.
In conclusion, we have developed a new system with an inducible promoter that allows the rapid establishment of mixed population conditionally expressing the desired sequence. It uses one single retroviral vector, is resistant to intracellular inactivation and is also active in animals. While it will not replace other inducible systems, 29, 30 it offers some obvious advantages, especially if one wishes to obtain inducible clones in a very short time.
Materials and methods
Plasmids
The retroviral vectors MSCV.pac and MSCV.neoEB were kindly provided by Dr RG Hawley (University of Toronto, Canada), and are described elsewhere. 31 The self-inactivating (SIN) version of the MSCV.pac retroviral Gene Therapy vector was engineered by deleting 299 base pairs in the 3Ј long terminal repeat (LTR), as described elsewhere. 10 The deleted region contains sequences that encode for the enhancer and other promoter functions. The retroviral vector has an active 5Ј LTR in the proviral form. The 5Ј LTR is then inactivated during the process of cell infection. 10 The Drosophila melanogaster HSP70 promoter was excised from the plasmid pSpTK +15 and inserted into the polylinker of the SIN MSCV.pac retroviral vector, which is downstream of the packaging signal (⌿). 31 This plasmid was named pGR219. The human cytomegalovirus (CMV) was excised from the plasmid pCDNA3.1(+) (Invitrogen, Carlsbad, CA, USA), and inserted into the polylinker of the SIN MSCV.pac retroviral vector. This plasmid was named pGR157.
The soluble insulin-like growth factor I receptor (IGF-1R) was engineered by fusing in-frame the IGF-1R cDNA encoding for the first 486 amino acid residues with the FLAG sequence (Kodak, Boston, MA, USA) at the 3Ј end. The numbering of the IGF-1R amino acids residues follow the system described by Ullrich et al, 13 in which the 30 amino acids of the signal peptide are omitted. The biological characterization of the dominant negative effects displayed by 486/STOP are described elsewhere. 12, 14, 16 In those studies, the soluble IGF-1R was termed 486/STOP. The hybrid soluble IGF-1R fused in-frame with the FLAG epitope at the 3Ј end, and designated as 486/FLAG was produced by polymerase chain reaction (PCR). The DNA template for the PCR reaction was the plasmid CVN-IGF-1R. 13 The sense primer anneals to the region of IGF-1R that contains the start codon. The sequence of the sense primer was 5Ј-ATACGTCCCAGCgtcgacGTCGACAA-TAAAAG GAATGAAGTCTGGCTCCGGAGGAGGG-3Ј. The ATG start codon has been underlined. The sense primer contains a SalI restriction site in the overhang, which has been reported in lower case letters. The sequence of the antisense primer was 5Ј-agatctagatcta gatct TCACTTGTCGTCATCGTCTTTGTAGTCCATGTG CAAGGTTATGATGATGCGATTCTTCGACGTGGT-3Ј. At the 5Ј end of the antisense primer there are three BglII restriction sites in a row that are followed by the stop codon and the flag sequence. The three BglII restriction sites have been indicated in lower case letters, whereas the stop codon and the flag sequence have been underlined. The remaining sequence of the primer is the lower strand of the IGF-1R cDNA (positions 1575 to 1540, the genome coordinates are given from ATG start codon). The PCR reaction conditions were as follows: a denaturation step of the template at 94°C for 1 min, followed by 1 min interval at 52°C to allow the annealing of the primers to the template, and a 3 min incubation at 72°C for polymerase elongation of the primers. This cycle was repeated 35 times. At the end of these 35 cycles, an additional incubation at 72°C for 15 min was included to allow completion of the amplification. The PCR products were electrophoresed on a 1% agarose gel. The correct size products were excised from the gel and purified with a gel extraction kit (Qiagen, Santa Clarita, CA, USA), following the manufacturer's recommendations. The PCR product was digested with SalI and BglII restriction enzymes, ligated into XhoI and BglII cloning sites of MSCV.neoEB retroviral vector, and sequenced to check for misincorporations. This plasmid was named pGR104.
The 486/FLAG gene was excised by EcoRI and BglII digestion from pGR104, ligated into the cloning vector pSP72 (Promega, Madison, WI, USA), re-excised by HindIII and BglII digestion and ligated into HindIII and BglII cloning sites of pGR219. The resulting self-inactivating retroviral vector contains the Drosophila HSP70 promoter driving the expression of the 486/FLAG gene, and was named pGR228.
The cDNA of the mouse insulin receptor substrate 1 (IRS-1) 26 was inserted into the HindIII restriction site of the SIN MSCV.pac containing either the HSP70 (pGR219) or the human CMV (pGR157) promoters. The IRS-1 cDNA under the control of the human CMV promoter contains the full-length messenger RNA, which includes 700 base pairs of untranslated region downstream of the stop codon. This 3Ј untranslated region was removed from the IRS-1 cDNA which is under the control of the HSP70 promoter. The plasmid containing the mouse IRS-1 cDNA under the control of the human CMV promoter was named pGR161, whereas the plasmid with the Drosophila HSP70 promoter driving the expression of mouse IRS-1 was designated as pGR185.
Cell lines, transfections and retroviral transductions
The cells used in these experiments, growth conditions and the methods used for retroviral transduction or plasmid transfections have been reported in detail in previous papers. 14, 32 In the experiments using 5-azacytidine, the cells were grown as indicated for 7 days. For colony formation in soft agar, the protocol previously described by Romano et al 32 was used.
Western blots
The methods and the antibodies used have been described by Reiss et al, 33 and Romano et al. 32 The loading of each lane was monitored by standard procedures.
Northern blots
Northern blots were carried out as described elsewhere. 33 20 g of total RNA were used. The probe was a 631 bp fragment from mouse IRS-1 cDNA (residues 1351-2002). This region of mouse IRS-1 has a 99% homology with human IRS-1.
Tumor growth in mice Nude Swiss mice were used, following the protocol of Reiss et al 14 which is summarized in Table 1 .
